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Abstract


To elucidate the evolution of dynamic recrystallization (DRX) mechanisms in cold-worked Cr4Mo4Ni4V martensitic steel, tensile tests were conducted on a 50% cold-deformed material at 600–850 °C at a fixed strain rate of 0.001 s−1, combined with systematic microstructural characterization. Under this specific strain rate, the results reveal a temperature-dependent transition from continuous dynamic recrystallization (CDRX) to discontinuous dynamic recrystallization (DDRX). At 600 °C, CDRX dominates, producing recrystallized grains with orientations close to the parent matrix and relatively strong texture. At 750 °C, CDRX and DDRX coexist, while DDRX is significantly enhanced, characterized by grain boundary nucleation and random orientations, leading to a marked reduction in texture intensity; simultaneously, the fraction of recrystallized grains and high-angle grain boundaries reaches a maximum. At 850 °C, DDRX becomes dominant. This transition in DRX mechanism governs the high-temperature plasticity, with optimal superplasticity achieved at 800 °C, corresponding to an elongation of 748%. Cavities are primarily initiated at carbide/matrix interfaces, and their growth and coalescence dominate the fracture process. These findings clarify the temperature-dependent DRX evolution and its role in regulating superplasticity, providing guidance for microstructure design and superplastic forming of martensitic steels.
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1. Introduction


Superplastic forming has emerged as a critical processing route in advanced manufacturing owing to its exceptional elongation, high material utilization, low flow stress, and excellent dimensional accuracy for large and complex components, and has therefore attracted extensive attention in aerospace and automotive industries [1,2,3,4].



Dynamic recrystallization (DRX) plays a pivotal role in governing high-temperature plastic deformation, exerting a decisive influence on grain refinement, microstructural evolution, and flow stability during superplastic deformation [5,6]. Depending on the nucleation mechanism, DRX is generally classified into continuous dynamic recrystallization (CDRX) and discontinuous dynamic recrystallization (DDRX) [7,8], both of which promote grain refinement, increase the fraction of high-angle grain boundaries, and reduce dislocation density [9]. Considerable efforts have been devoted to understanding DRX mechanisms during superplastic deformation. For example, Zou et al. [10] reported that in Al–Cu–Li alloys, subgrain rotation and coalescence lead to equiaxed recrystallized grains, where CDRX cooperates with grain boundary sliding, while the Zener–Hollomon parameter strongly affects the competition between dynamic recovery and recrystallization. Zhang et al. [11] demonstrated that in medium-Mn steels, temperature-dependent coupling between DRX and deformation-induced phase transformation enables grain boundary sliding, resulting in elongations exceeding 1500% at 800 °C. Li et al. [12] revealed that in Ti60 alloy, DRX acts as the dominant softening mechanism, where CDRX and DDRX coexist at early stages but progressively transition to DDRX-dominated behavior with increasing strain. Among various factors, deformation temperature is one of the most critical parameters governing DRX behavior [13]. However, a systematic understanding of the temperature-dependent evolution of DRX mechanisms, particularly the competition and transition between CDRX and DDRX and their influence on superplastic deformation behavior, remains insufficiently established.



Cold-worked martensitic steels exhibit unique advantages for achieving superplasticity via DRX [14]. The intrinsic characteristics of martensitic microstructures, including refined lath structures, high dislocation density, and supersaturated carbon [15], facilitate the formation of ultrafine grains during subsequent deformation, thereby enabling superplastic deformation [16,17]. It has been reported that lath martensite can evolve into ultrafine-grained structures with superplasticity under thermomechanical processing [18,19], and even appropriately designed martensitic steels may exhibit superplastic behavior without complex processing routes [20]. Moreover, moderate cold deformation has been shown to produce elongations approaching 700%, where the synergistic interaction between CDRX and DDRX promotes grain boundary sliding [21]. Nevertheless, the influence of deformation temperature on DRX mechanism evolution in cold-worked martensitic steels during superplastic deformation remains unclear.



Cr4Mo4Ni4V, a high-alloy low-carbon steel and a typical high-temperature bearing steel, belongs to the martensitic steel family and is widely used in critical components of aero-engines and high-temperature forming dies due to its excellent mechanical properties [22,23]. Such components often possess complex geometries, imposing stringent requirements on superplastic forming capability and microstructural control [24,25].



In this context, the present study systematically investigates the superplastic deformation behavior of cold-worked Cr4Mo4Ni4V martensitic steel via high-temperature tensile tests in the temperature range of 600–850 °C. The microstructural evolution is comprehensively characterized, with particular emphasis on the temperature-dependent transition of DRX mechanisms and their role in governing superplasticity. This work aims to clarify the evolution of CDRX and DDRX with temperature and their competitive relationship, providing fundamental insights for optimizing superplastic forming processes in martensitic steels [26].




2. Materials and Experiment


The chemical composition of the Cr4Mo4Ni4V steel used in this study is listed in Table 1. Cylindrical specimens with a diameter of 50 mm and a height of 30 mm, in the spheroidization-annealed condition, were heated to 1050 °C and held for 0.5 h, followed by 50% compression along the height direction. The deformed specimens were then air-cooled to room temperature. Subsequently, a secondary compression with a reduction of 50% was performed at room temperature. Dog-bone-shaped tensile specimens with dimensions of 6 mm × 5 mm × 2 mm were machined from the central region, the Dimensions of tensile specimens as shown in Figure 1. High-temperature tensile tests were conducted in the temperature range of 600–850 °C at a strain rate of 0.001 s−1. After reaching the target temperature, the specimens were held in a high-temperature furnace for 0.5 h to ensure thermal homogenization. Immediately after deformation, water quenching was applied to preserve the deformed microstructure.



An SU 5000 scanning electron microscope (SEM) (Hitachi High-Tech Corporation, Tokyo, Japan) mounted with an EDAX-TSL electron backscatter diffraction (EBSD) system (EDAX, Mahwah, NJ, USA) and an EDAX energy dispersive X-ray spectrometer (EDS) were used for SEM observation, Specimens for scanning electron microscopy (SEM) were prepared using standard metallographic procedures. After mechanical grinding and polishing, the samples were etched in a solution of 10 vol.% nitric acid in ethanol for 30 s. For electron backscatter diffraction (EBSD) analysis, mechanically polished specimens were further electropolished at approximately −20 °C in a solution of 10 vol.% perchloric acid for about 40 s. The precipitated phase composition and morphology were analyzed by FEI Talos 200X Transmission Electron Microscope (TEM) (FEI, Hillsboro, OR, USA) equipped with a high angle annular dark field (HAADF) detector. Specimens were mechanically thinned to a thickness of 50–70 μm and punched into 3 mm disks. Final thinning was carried out using a twin-jet electropolishing system in a solution of 10 vol.% perchloric acid at approximately −20 °C and 20 V until electron transparency was achieved.




3. Results and Discussion


3.1. High-Temperature Tensile Properties


Figure 2 shows the microstructural features of the 50% cold-compressed martensitic specimen at different length scales. After cold deformation, a pronounced lamellar structure develops along the compression direction in the matrix. Although prior austenite grain boundaries are not clearly resolved in local regions, the prior austenite grain boundaries, packet boundaries, and martensite block boundaries are all observed as continuous dark line features in Figure 2a. Due to the preferential removal of the matrix during specimen preparation or etching, the carbides protrude slightly from the matrix surface, thus appearing white in SEM [28,29]. The SEM image (Figure 2b) reveals a composite microstructure consisting of a martensitic matrix and undissolved carbides. The carbides are homogeneously dispersed within the matrix, exhibiting an equiaxed morphology, and show no obvious deformation or fragmentation during cold compression. At higher magnification (Figure 2c), a typical elongated martensitic block structure is observed, with a pronounced elongation and alignment along the deformation direction.



Figure 3 shows the stress–strain responses obtained from high-temperature tensile tests conducted in the temperature range of 600–850 °C at a strain rate of 0.001 s−1. Engineering stress–strain curves are presented in Figure 3a, while true stress–true strain curves are shown in Figure 3b. At 600 °C, the specimen exhibits a limited elongation of 104%, with a peak true stress of 692 MPa, indicating high strength but poor ductility. With increasing deformation temperature, dynamic recrystallization-induced softening becomes progressively more pronounced, leading to a continuous decrease in peak true stress and a significant improvement in elongation. At 700 °C, the peak true stress decreases sharply to 212 MPa, while the elongation increases to 254%, indicating enhanced plasticity. When the temperature is further increased to 750 °C, the elongation reaches 450%, demonstrating improved high-temperature ductility. At 800 °C, the peak stress drops below 100 MPa, and the elongation reaches a maximum of 748%, reflecting a pronounced superplastic response. As reported by Yang et al. [21], under the same degree of compression, the elongation of cold-deformed martensite samples is significantly higher than that of cold-deformed ferrite samples. At 800 °C and a strain rate of 0.001 s−1, the elongation of the cold-deformed ferrite samples reaches only 500%.



However, when the deformation temperature is increased to 850 °C, grain coarsening occurs, resulting in a reduction in elongation to 646%. Although elevated temperatures promote plastic flow, excessive grain growth limits further improvement in ductility. The variation in peak stress with deformation temperature and stress temperature–strain rate is shown in Figure 3c,d, while the corresponding macroscopic appearances of the specimens are shown in Figure 3e.



The superplastic deformation mechanism can be assessed through the strain rate sensitivity index (m), determined via SRJ tests:


  m =      ln (   σ   1     /   σ   2   )       ln (     ε  ˙    1     /     ε  ˙    2   )       



(1)




in which σ1 and σ2 are the stress before or after the jump at the point of rate change at       ε  ˙    1     or       ε  ˙    2    , respectively. The values of m at different temperatures as shown in Table 2.



Additionally, for a more comprehensive illustration of the superplastic deformation mechanisms of Cr4Mo4Ni4V steel, the deformation activation energy (Q) is calculated using Equation (2):


  Q =    1   m    · R ·    ∂   ln   σ     ∂     1   T          |     ε  ˙     



(2)




in which T and R represent the absolute temperature and the universal gas constant (8.314 J mol−1 K−1), respectively. Calculated deformation activation energies as shown in Table 3.




3.2. Microstructure Evolution


Figure 4 shows the microstructures in the uniform elongation region of tensile specimens deformed in the temperature range of 600–850 °C. With increasing deformation temperature, the fraction of recrystallized grains first increases and then decreases. As shown in Figure 4a, at 600 °C, the recrystallized grain fraction is 44.9%. It increases to 78.9% at 700 °C (Figure 4b) and reaches a maximum of 80% at 750 °C (Figure 4c). At higher temperatures (Figure 4d,e), the recrystallized grain fraction decreases, while the fraction of recovered grains increases. This transition can be attributed to the significant increase in elongation, during which dislocation activity plays a more dominant role in accommodating plastic deformation. The grain size increases continuously with deformation temperature. At 600 °C, the average grain size is only 0.45 μm. Using martensite as the starting microstructure can effectively reduce the final grain size compared to ferrite. This advantage arises from the higher dislocation density and the further subdivided hierarchical structures (e.g., lath, block, and packet boundaries) inherent in martensite. During high-temperature deformation, these abundant dislocations and internal interfaces serve as preferential nucleation sites for dynamic recrystallization (DRX), leading to a higher nucleation rate in martensite than in ferrite. In contrast, the ferrite starting structure, with its lower dislocation density and coarser initial grain size, requires larger deformation strains to achieve comparable grain refinement. Consequently, the martensitic initial state enables a more efficient reduction in grain size under the same deformation conditions. The most pronounced grain growth occurs when the temperature increases from 750 °C to 800 °C, where the average grain size increases from 1.22 μm to 3.62 μm. This grain coarsening is governed by the combined effects of increasing deformation temperature and prolonged deformation time.



Figure 5 shows inverse pole figure (IPF) maps and misorientation distributions of tensile specimens in the uniform elongation region deformed in the temperature range of 600–850 °C. The fraction of high-angle grain boundaries (HAGBs) exhibits a trend consistent with that of the recrystallized grain fraction, reaching a maximum of 93% at 750 °C. In contrast, the HAGB fraction remains close to ~75% at both 600 °C and 850 °C.



Figure 6 shows the evolution of {111} pole figures with deformation temperature. At 600 °C, a pronounced <110> ∥ RD deformation texture is observed, with a maximum texture intensity of 12.01, which is similar to that typically reported in cold-drawn BCC wires. With increasing deformation temperature, discontinuous dynamic recrystallization becomes progressively more dominant, leading to a more randomized orientation distribution of newly formed recrystallized grains. The increasing misorientation between recrystallized and parent grains promotes a more homogeneous microstructure and suppresses the development of strong texture. In addition, the combined effects of higher elongation, longer deformation time, grain growth, and grain rotation further weaken the texture intensity. At 850 °C, the texture intensity decreases significantly to 3.98.



Figure 7 shows secondary electron SEM images of tensile specimens in the uniform elongation region deformed in the temperature range of 600–850 °C. At 600 °C (Figure 7a), numerous nanoscale carbides are precipitated in the matrix, while no clear evidence of recrystallization nucleation is observed. At 700 °C (Figure 7b), a mixed microstructure consisting of banded grains and equiaxed grains is formed. A large number of recrystallized grains nucleate and bulge along grain boundaries, while carbides coarsen and are mainly distributed along grain boundaries. On the basis of the grain refinement achieved through cold-deformed martensite, the carbides located along grain boundaries effectively pin the boundaries, which helps maintain a stable grain size during high-temperature deformation. This grain boundary pinning effect is conducive to the occurrence of superplasticity. At 750 °C (Figure 7c), the degree of grain equiaxialization is significantly enhanced, indicating more extensive recrystallization. When the deformation temperature increases to 800 °C and 850 °C (Figure 7e,f), pronounced grain coarsening occurs, and the equiaxed grain size increases substantially.



Figure 8 shows TEM characterization of nanoscale carbides dynamically precipitated during deformation at 600 °C. Elemental mapping in Figure 8a reveals enrichment of C, Cr, Mo, and V, together with Fe depletion, which is characteristic of alloy carbide precipitation. The bright-field image (Figure 8b) indicates the formation of submicron grains with sizes of 200–500 nm, generated through the subdivision of martensitic laths. As shown in Figure 8c,d, high-resolution imaging combined with fast Fourier transform (FFT) analysis confirms that the nanoscale precipitates consist of multiple carbide types, including Mo2C and M23C6.




3.3. Fracture Surface Characterization


Figure 9 shows the fracture morphologies and voids near the fracture surfaces of cold-deformed martensitic steel specimens deformed at different temperatures. At relatively low deformation temperatures (Figure 9a–d), the fracture surfaces exhibit a distinct necking region, and the central fracture area is characterized by fine, equiaxed dimples, indicating ductile fracture. When the deformation temperature increases to 700 °C, the dimple size increases, corresponding to an elongation of 254% and a pronounced increase in reduction in area. At temperatures ≥ 750 °C (Figure 9e–i), the specimens exhibit typical superplastic deformation behavior, characterized by homogeneous thinning without obvious necking. Corresponding to elongations exceeding 400%, a large number of voids are observed in the fracture center. Secondary electron images of the specimen deformed at 800 °C (Figure 9j,k) reveal that voids preferentially nucleate at the carbide/matrix interfaces. The nucleation, growth, and coalescence of these voids ultimately lead to fracture.




3.4. Evolution of DRX Mechanisms


Figure 10 shows the orientation characteristics of recrystallized grains at different deformation temperatures, revealing a systematic transition of the dynamic recrystallization (DRX) mechanism from continuous dynamic recrystallization (CDRX) to discontinuous dynamic recrystallization (DDRX) with increasing temperature. This transition is closely associated with the high-temperature plasticity of the material and is critical for understanding the superplastic deformation behavior of cold-deformed Cr4Mo4Ni4V martensitic steel.



At 600 °C, recrystallized grains exhibit negligible misorientation relative to the parent matrix and undergo only slight lattice rotation, indicating a typical CDRX-dominated mechanism. As the deformation temperature increases to 750 °C, CDRX and DDRX coexist. As shown in Figure 10b, grains G1–G4 exhibit characteristics of CDRX, with orientations similar to the parent matrix, whereas grains G5–G7 show significant misorientation, nucleating and growing at grain boundaries with small grain sizes, corresponding to DDRX. At this temperature, the recrystallized grain fraction reaches a maximum of 80%, accompanied by a peak in the high-angle grain boundary fraction (93%). The activation of DDRX indicates that prior grain boundaries act as effective nucleation sites, where new grains form via grain boundary bulging. The randomly distributed orientations of these newly formed grains significantly weaken the deformation texture. The synergistic operation of CDRX and DDRX promotes grain boundary sliding and maintains a stable microstructure through continuous replenishment of fine equiaxed grains, resulting in a substantial increase in elongation to 450%. Notably, CDRX remains active at this stage, indicating a coupled and complementary relationship between the two mechanisms. When the deformation temperature is further increased to 800–850 °C, DDRX becomes the dominant mechanism (Figure 10c). Recrystallized grains are randomly oriented and predominantly located at grain boundaries, corresponding to a very low texture intensity. With increasing temperature, the contribution of CDRX decreases while DDRX becomes increasingly dominant.



The influence of DRX mechanism transition on superplastic deformation can be summarized in three aspects: (i) at 600 °C, CDRX dominates, leading to limited grain refinement and relatively low ductility; (ii) at 750 °C, the coexistence of CDRX and DDRX produces peak recrystallized fraction and high-angle grain boundary fraction, resulting in significantly enhanced elongation; and (iii) at 800–850 °C, DDRX dominates, which effectively weakens texture, but grain coarsening at high temperature limits further improvement in ductility. Notably, although the recrystallized grain fraction does not reach its maximum at 800 °C, the highest elongation (748%) is achieved, indicating that superplasticity is not solely governed by recrystallized fraction, but also strongly dependent on grain boundary sliding compatibility and void suppression capability.





4. Conclusions


This study investigates the superplastic behavior and microstructure evolution of cold-deformed martensitic Cr4Mo4Ni4V steel at different deformation temperatures. The main conclusions are as follows:




	(1)

	
At the strain rate of 0.001 s−1, the elongation of the cold-deformed martensitic steel first increases and then decreases with increasing deformation temperature from 600 °C to 850 °C, reaching a maximum of 748% at 800 °C. Fracture is primarily governed by void nucleation at carbide/matrix interfaces, followed by void growth and coalescence.




	(2)

	
With increasing deformation temperature from 600 °C to 850 °C, the fraction of recrystallized grains first increases and then decreases, reaching a maximum of 80% at 750 °C, accompanied by a peak high-angle grain boundary fraction of 93%. The average grain size increases from 0.45 μm to 3.62 μm, while the texture intensity decreases markedly from 12.01 to 3.98, indicating an enhanced capability of recrystallization to eliminate the deformation-induced texture with increasing temperature.




	(3)

	
At the strain rate of 0.001 s−1, the dynamic recrystallization mechanism evolves from CDRX to DDRX with increasing temperature. At 600 °C, CDRX dominates with a relatively low recrystallized fraction of 44.9%, providing limited softening. At 750 °C, CDRX and DDRX operate synergistically, leading to a peak recrystallized fraction of 80% and a corresponding high-angle grain boundary fraction of 93%. At 850 °C, DDRX becomes dominant, with recrystallized grains nucleating at grain boundaries and exhibiting random orientations.




	(4)

	
Under the strain rate of 0.001 s−1, the optimum superplastic forming window for cold-deformed martensitic Cr4Mo4Ni4V steel is 750–800 °C. In this range, the synergistic operation of CDRX and DDRX can be effectively exploited, ensuring continuous microstructural refinement and thus promoting superplastic deformation.
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Figure 1. Dimensions of tensile specimens (in mm). 
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Figure 2. Multiscale microstructural features of the 50% cold-compressed martensitic specimen. (a) Boundary network; (b) martensite–carbide composite structure; (c) elongated martensitic blocks. 
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Figure 3. Tensile stress–strain curves and macroscopic morphologies of the cold-deformed martensitic steel at different deformation temperatures. (a) Engineering stress–strain curves; (b) true stress–strain curves; (c) variation in peak true stress with deformation temperature; (d) stress temperature–strain rate curves; (e) macroscopic appearance of tensile specimens after deformation. 
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Figure 4. Recrystallization and KAM maps of tensile specimens of cold-deformed martensitic steel at different deformation temperatures. (a–e) Microstructures in the uniform elongation region at 600–850 °C. 
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Figure 5. Microstructures of cold-deformed martensitic steel specimens deformed at different temperatures. (a–e) Inverse pole figure (IPF) maps at 600–850 °C; (f) evolution of high-angle and low-angle grain boundary fractions with deformation temperature. 
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Figure 6. Texture evolution of cold-deformed martensite specimens deformed at different temperatures. 
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Figure 7. Carbide morphology and distribution in cold-deformed martensitic steel specimens deformed at different temperatures: (a) 600 °C; (b) 700 °C; (c) 750 °C; (d) magnified view of the red rectangular region in (a); (e) 800 °C; (f) 850 °C. Above the image is the average size of the carbides. 
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Figure 8. Types of precipitated carbides in cold-deformed martensitic steel deformed at 600 °C. (a) Elemental mapping; (b) bright-field image; (c,d) high-resolution characterization of nanoscale carbides. 
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Figure 9. Fracture morphology and near-fracture microstructure of cold-deformed martensitic steel at different temperatures: (a,b) 600 °C; (c,d) 700 °C; (e,f) 750 °C; (g,h) 800 °C; (i) 850 °C; (j,k) cross-section near the fracture of the 800 °C specimen. 
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Figure 10. Recrystallized grain orientation analysis of specimens deformed at various temperatures: (a) 600°C; (b) 750°C; (c) 850°C. 
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Table 1. Chemical composition of Cr4Mo4Ni4V steel (wt%) [27].
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	C
	Cr
	Mo
	V
	Ni
	Mn
	Si
	Fe





	0.13
	4.12
	4.25
	1.23
	3.40
	0.20
	0.12
	Bal.










 





Table 2. Calculated m values.
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	Temperature
	600
	700
	750
	800
	850



	m
	0.10
	0.23
	0.3
	0.33
	0.32










 





Table 3. Calculated deformation activation energies.






Table 3. Calculated deformation activation energies.





	Temperature/°C
	600
	700
	750
	800
	850



	Q/kJ mol−1
	804.24
	292.91
	222.9
	195.2
	128.4
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